


OF BLUNT RFEQvTHy BODIES AT TRANSONIC SPEEDS* 

By Harleth G. Wiley, Robert A. Kilgore, 
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SUMMARY 

Measurements were made of the transonic aerodynamic damping i n  yaw 
and osci l la tory direct ional  s t a b i l i t y  for  models of a group of blunt, 
high-drag, reentry bodies of revolution. The models were osc i l la ted  
approximtely *2O about the  yaw axis fo r  a range of reduced- 
parameter, based on maximum model diameter, from 0.019 t o  0. 

number from 0.79 t o  1.35. Reynolds number for the  
mum model diameter, varied. from 1.B x 106 t o  5.6 x 

were made a t  angles of attack of Oo, ?O, and loo fo r  airange 1 

Results show t ha t  the damping i n  yaw was 
body variables, such as front-face shape, sho radius, body slope, 
and base shape. T e s t  Reynolds number and mode face condition often ? 
had a powerful influence on the measured darqpi 
and model conditions on the oscil latory-direc 
pronounced. 

The effect of the test 
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diameter of the model as the reference dimension and resented in 
body system of axes with moments referred to the osci 

A m a x i m  cross-sectional area of model, 

d maximum diameter of model, ft unless o wise indicated 

M 

R er based on d 

r in yaw, &/at, radians/sec 

, $  yaw, radians/sec2 

t’ 

v free-stream v 

U angle of attack, deg 



Gn 

yaw damping derivative, change in yawing-moment coefficient ‘nr 
with change in yawing velocity, acn per radian 

Cn? change in yawing-moment coefficient with variation in rate of 

, per radian change in yawing velocity, acn 

static directional derivative, change in yawing-moment coef- CnP 
ficient with variation in sideslip angle, 

per radian 

Cn h P 
change in yawing-moment coefficient with variation in rate of 

change of sideslip angle, - , per radian 
a ( . )  

(cnr - cn; cos a) damping-in-yaw parameter, 
(0 -V(Aerodynamic damping constant), per radian 

PV2 - Ad2 2 

oscillatory directional-stability parameter, 
1 cos a + (T) cca2 Cn+) 

w Aerodynamic spring constant , per radian 
PV2 - Ad 2 

own tunnel which 
tween flats. A 



oscillation of the model while measurements are mde of the moment 
required to maintain the known oscillation. 
forced to oscillate and the measured moments are unaffected by random 
disturbances such as airstream turbulence and buffeting. The process 
is similar in principle to that described in references 3 and 4. 
schematic representation of the oscillating model system with its 
mechanical and electrical components and a photograph of the oscillating 
mechanism are shown in figure 1. The model is oscillated at an amplitude 
of about 2' and at frequencies from about 10 to 50 cycles per second. 
The sting mechanism provides changes in angle of attack while maintaining 
model position approximately on the wind-tunnel center line. All models 
were bodies of revolution and were built principally of brass and alumi- 
num with aerodynamically smooth exposed surfaces. 
various models are given in figure 2. 

The models are rigidly 

A 

Dimensions of the 

TESTS AND PROCEDURE 

The tests were made at Mach numbers from 0.59 to 1.35 but no data 
are presented for Mach numbers where calculations, obtained by using the 
method of reference 6, predicted wall-reflected shock disturbances on 
the various models. 

Tunnel stagnation pressures were about 30 and 60 pounds per square 
inch absolute with corresponding Reynolds numbers, based on maximum 
model diameters, varying from 1.8 x 10 6 to 5.6 x lo6 (fig. 3 ) .  

For certain tests a transition strip of carborundum grains, 0.001 
to 0.002 inch in diameter, was applied to the models according to the 
suggestions of reference 7. (See fig. 2 for location of transition 
strip.) The effect of roughness type was investigated for one of the 
models as explained subsequently in the section entitled "Effects of 
Model Surface Condition and Reynolds Number." 

Measurements were made at a = 00, 5 O ,  and loo. The reduced- 
frequency parameter U ~ / V  varied from 0.019 to 0.105. ~n operation 
of the oscillating balance and model system, calibrated outputs of the 
moment and displacement strain gages are passed through coupled elec- 
trical sine-cosine resolvers which rotate at the frequency of model 
oscillation. (See fig. l(a).) The resolvers split up the moment and 
displacement signals into orthogonal components which are simultaneously 
read on damped direct-current micrometers. From these components the 
applied moment and displacement and the phase angle between them can be 
found. With these m d  the measured oscillation frequency, the system 
damping and oscillatory spring constants can be computed. The measured 
wind-off characteristics were subtracted from the wind-on system meas- 
urements to give the desi ults. For maximum accuracy 



ACCURACY 

The a b i l i t y  of t h i s  forced-oscillation method t o  determine accu- 
L 
5 
3 
2 

r a t e ly  the damping of the osc i l la t ing  model system was verif ied by using 
eddy-current damping and free-decay hods as described i n  reference 3. 
A comparison between the resu l t s  of two methods i s  given i n  figure 4 
for several values of d q i n g - c o i l  current. 

The dynamic data presented i n  t h i s  paper w e r e  taken during two  
separate tes t ing  periods several. months apart .  
checked very w e l l  except where the model flow conditions were c r i t i c a l  
and the measured moments were very dependent on the detailed flow over 
the model. I 

Repeat test  points 

Where a def in i te  flow condition was w e l l  established, the  accuracy 
of determining the damping-in-yaw parameter was about. f O . l  and the accu- 
racy of determining the os cillatory-direc t ional-  s tabi l i  t y  parameter was 
about t o .  01. 

Mach number was accurate t o  fO.O1,  angle of attack t o  fO.lO, and 
uni t  Reynolds number t o  iO.1 x lo6. 

RESULTS AND DISCUSSION 

Variations of the damping-in-yaw parameter (cn, - CnG cos u ) ~  and 

cos a + (?)'cn;) 
UI 

the  oscil latory-directional-stabil i ty parameter 

ed i n  figures 5 t o  12. 
e presented i n  the  fol-  

r cylinder bodies of fineness 
low was apparently 

eeds as pointed out i 
egative dampin 
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Negative damping corresponds t o  a posi t ive value of the damping-in-yaw 
parameter (Gr - CnB cos a),.) Flow remained separated a t  supersonic 

speeds f o r  the  square-shoulder model but apparently expanded around the 
round-shoulder model and was attached t o  the afterbody giving posi t ive 
damping. This is  par t icular ly  noticeable a t  a = 0'. (Note the  sca t te r  
i n  the data  a t  subsonic speeds where the flow around the  shoulder was 
c r i t i c a l . )  
remained detached a t  supersonic speeds even with the round shoulder 
and produced the negative damping shown throughout the Mach number 
range. 
the flow was attached throughout the Mach number range and gave posi t ive 
damping. 
subsonic speeds fo r  the square shoulder of model 300 and gave s l igh t  
negative damping. The flow was attached fo r  t h i s  model a t  supersonic 
speeds and resulted i n  posit ive damping s i m i l a s  t o  t ha t  of the round- 
shoulder model 310. 
flow regions a t  subsonic speeds.) 

For model 210 ( f ig .  6 ) ,  with a converging body, the flow 
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For mode1 310, which had a diverging body and round shoulder, 

(See f i g .  7.) The flow appeared t o  be pa r t i a l ly  separated a t  

(Again note the scat ter  i n  the data f o r  *he c r i t i c a l  

Further evidence of t h i s  e f fec t  of separation on damping occurred 
fo r  models 400 and 410, which are reentry bodies of higher fineness 
r a t io .  (See f ig .  8.) A t  subsonic speeds and a = Oo, the separated 
f l o w  caused zero o r  negative damping for  both bodies. 
the square shoulder, had considerably greater negative damping than had 
model 410 with the round shoulder. 
around the shoulder and provided about the same measure of posi t ive 
damping for  both bodies. 

Mdel 400 with 

Above sonic speeds the flow expanded 

For the several bodies j u s t  discussed, increased negative dalnping 
was accompanied by increased s t a b i l i t y  (a posi t ive value of oscil latory- 
direct ional-s tabi l i ty  parameter). 
posi t ive damping decreased the oscil latory-directional-stabil i ty parameter. 

Attached flow which provided the  

Effects of Angle of Attack 

For the  f la t - face bodies, increase i n  angle of a t tack decreased the 
negative damping fo r  test conditions with negative damping a t  a = Oo, 
and decreased the posi t ive damping fo r  conditions with posi t ive damping 
a t  a = 0'. (See f igs .  5 t o  8.) Th i s  phenomenon is  explained when it 
i s  considered that negative damping resulted from a separated flow region 
which was axia l ly  symmetric and shaped l i k e  a truncated cone. 
i n  angle of a t tack caused the  flow-cone t o  in te rsec t  the body on i ts  
lower surface and thus provided local ly  attached flow and a degree of 
posi t ive damping. a = Oo, 
increase i n  angle of attack caused an eventual separation on the upper 
surface with a decrease i n  t o t a l  damping. Increase i n  angle of a t tack 
tended t o  decrease the  osci l la tory s t a b i l i t y  parameter although t h e  
effect  i s  not pronounced. 

Increase 

Conversely, fo r  i n i t i a l l y  attached flow at 

(Again, see f igs .  5 t o  8.) 



latory stability parameter is present. Similar trends in damping we 
found for similar bodies in wind-tunnel tests of reference 8, in fre 
flight tests of referenc 9, 10, and 11, and in balli 

t of a hysteresis loop in the variation of mo 
ment angle. 
was not determined in these tests, this hypothesis cannot be verified. 

ce 12. Refere e 8 considers this high negati 

Since the static variation of moment with displacement angle 

Effect of Center-of-Rotation Position 

Tests of the effect of center-of-rotation position at a = 0' were 
made with models 311, 312, and 313 (which are slightly larger versions of 
model 310) with diverging body slopes. No appreciable effects of center- 
of-rotation position are noted for the damping-in-yaw parameter (fig. 9 ) .  
The portion of the damping contributed by loads on the face and base would 
be largexy independent of longitudinal location of the center of rotation. 
Movement of the center of rotation rearward 
oscillatory-directional-stability parameter 
implies that the stability is a function of 
phase with displacement. 

decreased the level of the 
for this shape; this decrease 
the longitudinal loading in 

Effects of Model Surface Condition and Reynolds Number 

Model 710 is representative of a ballistic body of conical shape with 
Damping of this model was positive at Mach num- a spherical segment nose. 

bers above 0.8 for all angles of attack (fig. 10). 
than 0.8, the flow was extremely critical and depended upon Reynolds num- 
ber and the surface condition of the model nose. For the smooth 
damping was negative at these subsonic speeds. 
in the form of a band of heavily distributed carborundum grains in glue 

At Mach numbers less 

Two-dimensional r 

A l/lO-inch-wide, 0.03-inch-thick "trip-ring" 
ing but did not produce the fl 
by the l/l0-inch-wide three-d h- 

e damping for 
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The application of t 
s l igh t ly  increased the  os  
subsonic speeds. A t  these lower Mach numb 
number increased the  oscil latory-directional-stabil i ty 
the  three-dimensional roughness condition only, while 
speeds the  increase i n  Reynolds number appeared t o  have no effect .  

These important effects  of t e s t  technique stress the f ac t  that i n  
dynamic tes t ing  of scale models of bodies of this sort ,  the full-scale 
flow condition, especially Reynolds number, must be reproduced. The 
aerodynamic damping of blunt bodies i s  very dependent upon detailed 
flow conditions over the body. 
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Effect of Body Base 

Tests were made of model 310 with the  or iginal  spherical segment 
base replaced with a f l a t  base (model 500). 
body are  obviously important inasmuch as the model with the  f la t  base 
had about twice as  much posit ive damping but half as much osci l la tory 
s t a b i l i t y  i n  comparison with results with the model with the spherical- 
segment base ( f ig .  10).  
reported i n  reference 13. 

Loads on the  base of this 

A similar effect  on a body of this type was 

Results for  Specific Body Shapes 

Model 600 ( f ig .  11) , which i s  representative of a typical  manned 
reentry body shape, showed moderately posit ive damping throughout the 
Mach number and angle-of-attack ranges and showed a very small value 
of posit ive s t ab i l i t y .  Doubling ,the Reynolds number a t  subsonic speeds 
showed no effect  on ei ther  parameter. 

Models 700 and 800, which w e r e  somewhat s i m i l a r  b a l l i s t i c  bodies, 
showed the significance of detailed differences. Model TOO i n  the 
smooth condition had moderate negative damping throughout the Mach num- 
ber range ( f ig .  12). 
damping subsonically and essentially zero damping supersonically. 
Doubling the Reynolds number for the rough model gave the same damping 
as fo r  the smooth model a t  low Reynolds numbers. 
oscillatory-d 
hand, w e r e  ne gible  for  the tes t  conditions. 

Application of roughness caused high negative 

Damping-in-yaw and 
ct ional-s tabi l i ty  parameters fo r  model 800, on the  other 

Effect of Frequency on Stab i l i ty  

The s t a t i c  s t ab i l i t y  derivative Cnp, as determined from the tests 5 

of reference 1, i s  compared with the  oscil latory-directional-stabil i ty 
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2 
parameter cos a + (y) c 
yaw stability derivative 
model 9 of reference 1, there is some difference between 
static and oscillatory data although the trend with Mach number is simi- 
lar. This difference in level is probably due to the effect of Reynolds 
number on the position of the flow separation although frequency effect 
may have caused some change. 

C0NCLUI)ING RENARKS 

Transonic wind-tunnel tests were made to determine the damping-in- 
yaw and oscillatory-directional-stability parameters for models of vari- 
ous blunt, reentry shapes. 
1.35 and at angles of attack of Oo, 5', and 10'. Reynolds number, based 
on maximum body diameter, varied from 1.8 x lo6 to 7.6 x 106, and oscil- 
lation amplitude was about 2' for reduced-frequency parameters from 0.019 

Tests were made at Mach numbers of 0.79 to 

to 0.105. 

Results show that the damping in yaw was critically dependent upon 
the detailed flow conditions over a blunt body. For flat-face bodies, 
negative damping resulted from separated flow on the afterbody whether 
caused by shoulder radius, body slope, Mach number, or angle of attack. 
Shape of the body base was important. The powerful influence of Reynolds 
number and type of transition roughness applied to some of the models 
emphasized that full-scale flow conditions must be reproduced closely for 
valid damping tests of blunt bodies. 
bility -ms dependent upon the aforementioned factors but was not so 
critically affected as was the damping in yaw. 

The oscillatory-directional sta- 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., June 29, 1960. 
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Figure 3.- Variation of Reynolds number with Mach number fo r  all models 
tested. Stagnation tempera e, TO0 F. (Dashed lines are for the 
models f r o m  ref. 1.) 
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Figure 13.- The variation of Cn and (Cn, COS a + ( q r C n + ) u  with 

for models 110, 210, 300, and 310 with and 
P 

Mach number a t  
without roughness. 
applied. ) 

a = Oo 
(Flagged symbols indicate no roughness was 
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